Nylon-6,6 exhibits chemical, thermal and mechanical properties which include resistance to chemical attack, electrical insulating properties and degradation resistance. As a possible container, it can be used to manufacture a new family of active hybrid materials, coatings and corrosion inhibitor-containing systems. The release of encapsulated corrosion inhibitors is triggered by the corrosion process itself, which prevents the spontaneous leakage of such inhibitor and provides a quick response to changes in the service environment. With this in mind, nylon-6,6 pellets were activated using either γ-irradiation or chemical attack in alkaline solution. Better pore formation was achieved employing the latter method, with such pores being filled with adsorbed ferric nitrates. Electrochemical tests were undertaken to demonstrate the performance of the "smart" nature of the corrosion inhibitor system formed. † Published in the Festschrift of the journal dedicated to Professor Giorgio Zgrablich on the occasion of his 70th birthday and to celebrate his 50 years as a faculty member at
INTRODUCTION
A polymer is a molecule (macromolecule) whose composition consists of a repetition of fundamental structure units, usually connected by covalent bonds. The mechanical properties of polymers distinguish them from materials whose compositions incorporate molecules of a normal size. In general, polymers exhibit excellent mechanical resistance due to the mutual attraction of their long polymeric chains and their crosslinking, the nature of the intermolecular attraction forces depending upon the chemical composition of the polymer (Young and Lovell 1991) .
Industrially, polyamides -and nylon-6,6 in particular -are high impact polymers whose methods of synthesis have been experiencing considerable developments. Since their discovery, great interest has developed due to their technological importance, their commercial characteristics and their complexity related to the morphological changes associated with their crystallinity, not only in solid state, but also in solution and under melting-point conditions (Mark 1990) .
New technological applications are being proposed and developed; one of these is the use of nylon-6,6 as a barrier and/or also as a container of diverse adsorbed chemicals such as metal corrosion inhibitors. Containers with a shell possessing controlled release properties can be used to fabricate a new family of active materials and coatings that can respond quickly to changes in the service environment. The release of encapsulated corrosion inhibitors is triggered by the corrosion process itself, which prevents the spontaneous leakage of the corrosion inhibitor ( Andreeva and Shchukin 2008) .
A new generation of "smart" anticorrosion systems and coatings, possessing passive matrix functionality which actively responds to changes in the local environment, has prompted great interest from materials scientists. Corrosion is one of the major destructive processes involved in materials loss, and its prevention is paramount in protecting investments. Active corrosion protection aims at restoring the material properties (functionality) when the passive system matrix is broken and corrosion of the substrate has started. The "smart" container has to release the active and repairing material within a short time period after system integrity has been breached. This acts as a local trigger for the mechanism that heals the defect (Challener 2006) .
For nylon-6,6 to be used as a "smart" container, the smooth surface has to be treated to transform it into a rough surface with cavities for the adsorption and containment of chemical inhibitors. The success of this transformation, combined with the excellent barrier and mechanical properties of nylon-6,6, makes it a potential anti-corrosion "smart" system and container.
The aim of the present work was to use γ-irradiation and a chemical method using an alkaline solution and thermal treatment to obtain an active and rough nylon-6,6 surface. Subsequently, this corrosion inhibitor was adsorbed into the active surface of the nylon-6,6 to be tested under corrosion conditions. Electrochemical measurements were made to assess the performance of the "smart" nylon-6,6 inhibitor container.
MATERIALS AND METHODS

Activation methods
The polyamide had a smooth surface and for that reason it was exposed to radiation or chemical modification (activation). The aim of this activation process was to modify the smooth surface of the polyamide so that it was more capable of adsorbing the soluble corrosion inhibitor.
Materials
The polyamides used in this work were of Rochtec ® brand which were supplied as translucent pellets of ca. 4-7 mm length and 2-3 mm diameter. The following reagents and solvents were used: NaOH in solution at 1 N, 2 N and 3 N concentrations, distilled water and acetone.
Activation by chemical treatment
For chemical activation, the polyamides were exposed to NaOH solutions of 1 N, 2 N or 3 N concentration for 1, 2 or 3 h at 80 ЊC (each solution for each length of time). Following such treatment, the activated pellets of nylon-6,6 were rinsed with distilled water and then washed ultrasonically with acetone in order to eliminate any contaminant (Yang et al. 2009 ).
Activation by γ-ray irradiation γ-Ray irradiation activation was performed by exposing nylon-6,6 to dosages of 15, 30 and 45 kGy. Thus, nylon-6,6 samples in the form of pellets and thin solid flat samples were irradiated with a Transelektro research irradiator, employing a 60 Co activity of 2911 Ci at a dose rate of 2233.7 Gy/h from which the necessary exposure time was calculated. The details of the procedure employed have been reported elsewhere (Menchaca et al. 2002) .
Characterization of the nylon-6,6 surface
Surface morphology
Modification of the surface morphology due to the activation procedures employed was studied via a LEO 1450VP scanning electron microscope (SEM). For this purpose, an activated nylon-6,6 sample was attached to the microscope holder with carbon sticky tape and covered with a thin layer of Au/Pd to prevent accumulation of electrostatic charge. The images were observed at 10 kV voltage employing secondary electron emission.
Structural analysis
Infrared spectroscopy employing a Perkin-Elmer Fourier-transform infrared spectrometer fitted with an Attenuated Total Reflectance (ATR) accessory was used to evaluate the structural modification of the nylon-6,6 samples due to the activation processes employed. Infrared analysis is an extremely reliable and well-recognized fingerprinting method allowing many substances to be characterized, identified and also quantified. ATR is a sampling technique used in conjunction with infrared spectroscopy which enables samples to be examined directly in the solid, liquid or gaseous state without further preparation (Perkin-Elmer Life and Analytical Sciences 2005). Previous work has demonstrated that structural changes in nylon-6,6 are always accompanied by surface modifications, proportional to the intensity of the modification source (Menchaca et al. 2011) .
Surface roughness of nylon-6,6
To assess the activation process generating the best surface roughness for nylon-6,6, image surface analysis was performed employing scanning electron micrographs. These images were analyzed using commercial software which transformed them into a pixel matrix which could be treated statistically in order to obtain the Hurst coefficient (H) and/or the fractal dimension (FD) related to surface roughness (Mayorga-Cruz et al. 2009 ). Assuming that exposure of the nylon-6,6 surface to γ-irradiation or chemical attack leads to changes which are related to dosage or concentration, such surface changes should be observed from the intensity patterns (i.e. from the SEM images) obtained after sweeping over and across the nylon-6,6 surfaces. These were digitally analyzed so that their corresponding intensity transverse profiles could be obtained accurately.
Application software was used for analysis, in the first place to establish a correlation between two consecutive images, remove background noise and increase contrast; subsequently, a pixel vector matrix (250 × 250) was built. Cross-scanning the x-and y-orientations of the SEM images allowed the pixel values of the normalized matrix maxima to be selected (with the first and the last 10 values being removed from the series) and the graphical construction of the maxima pixel series. This is a common image-processing procedure. The resulting graphics are the corresponding transverse profiles, which allow the Hurst coefficient to be obtained after analysis. The detailed procedure employed has been described previously (Mayorga-Cruz et al. 2009 ).
Preparation of nylon-6,6 inhibitor samples
Ferric nitrate [Fe(NO 3 ) 3 ] was selected as the inhibitor. This inhibitor is capable of promoting passive oxide formation and is insoluble in water. Iron ions help to block the release of the adsorbed inhibitor from the polyamide pores until it is required to act to prevent the corrosion of metal samples. This is a common practice in polymer technology applications (Brown et al. 2004) .
Since the samples used were in the form of pellets, it was necessary for the inhibitor to be adsorbed onto the activated polyamide surface to allow the iron to block the adsorbed inhibitor in the nylon-6,6 cavities under alkaline solution conditions. Three solutions were tested for this adsorption procedure: a solution composed of Fe(NO 3 ) 3 dissolved in acetone (AC); a solution consisting of Fe(NO 3 ) 3 dissolved in distilled water (AA); and a solution composed of Fe(NO 3 ) 3 dissolved in acetone/distilled water (1:3 ratio) (AAC). The cyclic procedures employed involved immersing the polyamide for 24 h in each type of solution, i.e. AC, AA and AAC. After removal from the solutions, the polyamide samples were dried for 24 h in an oven maintained at 70 ЊC, removed and immersed again until the maximum extent of adsorption was achieved without compromising the stability of the solution. The best result was achieved by immersing the polyamide samples in AC solution.
Electrochemical tests
Sample and solution preparation
A known volume (200 mᐉ) of a solution was prepared by adding CaCl 2 to Ca(OH) 2 at pH 14 in a 1:1 ratio and used to promote localized pitting corrosion over a 1 cm 2 carbon steel surface. A copper wire was soldered to the carbon steel sample, which was encapsulated in resin and polished with 80-2000 grade carbide paper, followed by a cloth impregnated with a 1 µm alumina and liquid soap solution to give a preparation with a mirror-like finish.
Inhibitor-release electrochemical tests
Potentiodynamic polarization was employed to characterize the electrochemical system via curves obtained for solutions with and without chloride addition. Thus, a working carbon steel electrode was placed in the solution, together with a calomel reference electrode and a graphite auxiliary electrode in a common three-electrode set-up. The polarization curve was obtained by sweeping from a potential of -800 mV up to 0 mV at a scan rate of 60 mV/min. A Gill AC electrochemical system employing a potentiostat and suitable software was used to obtain and manipulate the corresponding data.
Potentiostatic polarization (above the pitting potential) was performed to study the behaviour of the nylon-6,6 inhibitor system, with the data being plotted in terms of a current density versus time curve. The metal sample was immersed in Ca(OH) 2 solution and, after 2500 s, a CaCl 2 solution was added in a 1:1 ratio to promote localized pitting corrosion. At 4000 s, inhibitoradsorbed pellets containing a 50 ppm concentration of inhibitor were added to the agitated alkaline chloride solution in order to induce corrosion inhibition.
RESULTS AND DISCUSSION
γ-Irradiation using dosages from 15 kGy to 200 kGy did not provide an adequate method for surface activation, although irregularities and cavities were created over the polymer surfaces. Hence, it was deemed necessary either to increase the radiation dosage or to apply some additional treatment in order to obtain the proper activated surface. The type of surface activation obtained with γ-irradiation is presented in Figures 1(a) -(e), from which details of the activation processes taking place over the polyamide surfaces can be appreciated. Figure 1(a) presents a micrograph which shows the general type of surface modification induced by exposure of a polyamide sample to 30 kGy radiation dosage. It will be seen that such a dosage caused material to be evolved from within the polymer to form a rough surface and commence pore formation. Figure 1(b) shows an enlarged version of Figure 1 (a) (500× magnification) which provides further evidence of the process whereby material is expelled from the inner part of the polymer to form a pore. Figures 1(c) and (d) clearly show the type of pattern and the method whereby pores are formed over the surface of nylon-6,6 due to γ-irradiation. Such pores always develop in the shape of poinsettia-type flowers due to the spherulites formed by the triclinic crystalline structure of nylon-6,6 (Painter and Coleman 1997) as depicted in Figure 1(e) .
In the chemical activation tests, those samples treated for 1, 2 or 3 h in 1 N NaOH, as well as those immersed in 2 N NaOH solution for 1 h, were rejected due to insufficient activation, i.e. the pores formed were not well-defined. As can be seen from Figures 2(a) and (b), a similar pattern was also observed for γ-irradiation activation of these samples. Similarly, samples obtained by immersion in 2 N NaOH solution for 3 h and in 3 N NaOH solution for 1, 2 and 3 h were also discarded because the attack on the polyamide was extremely aggressive, causing very deep scratches and holes which had been torn apart.
From previous SEM analysis, the best results for the surface activation of nylon-6,6 were achieved by immersion in 2 N NaOH solution for 2 h at 80 ЊC. Under these conditions, homogeneous porosity was obtained, as revealed in Figures 3(a) and (b) . Thus, as shown in Figure 3(b) , pores with an 512 E.C. Menchaca et al./Adsorption Science & Technology Vol. 29 No. 5 average depth of 20 µm were present in the treated nylon-6,6 samples obtained. It is clear that surface modification under the latter conditions led to the creation of rounded holes, allowing the adsorption of inhibitor into the sample. Surface roughness, as obtained from SEM images, is another convenient parameter that provides information about the measurable degree of changes provoked by the activation procedures. To obtain the surface roughness of irradiated or chemically attacked nylon-6,6 samples under different conditions, the Hurst coefficient (H) and Fractal Dimension (FD) values were obtained and are presented in Figures 4(a) and (b) . This was performed in order to choose the best nylon-6,6 surface activation alternative, using a commercial software application. The width variable window algorithm was implemented and the intensity profile data used to feed the software, which gives out a logarithmic plot of dispersed points (belonging to intensity variations). These points plotted logarithmically display a linear behaviour and the corresponding slope of the line allows the calculation of the H exponent and/or the FD (FD ϭ 2 -H) and consequently, the nylon-6,6 surface roughness . Figure 4 presents the average Hurst Coefficient (H) and its corresponding Fractal Dimension (FD) as a function of (a) irradiation dosage and (b) time of immersion at the alkaline solution, for the nylon-6,6 samples. The plots include the standard error which was between 2% and 3%, giving a correlation coefficient above 0.95 -a good figure for the surface roughness. In general, the fractal dimension representing surface roughness was higher at 15 kGy (FD ϭ 1.215). For the chemically attacked samples, the highest FD obtained was for the sample subjected to 120 min of immersion (FD ϭ 1.275), this being the roughest surface obtained and which was selected for inhibitor adsorption studies Marban et al. 2010 ).
Finally, it was determined that for nylon-6,6 surface activation, chemical attack by the 2 N NaOH solution at 80 ЊC during 2 h of immersion provided the best surface activation conditions to be used as a container.
From the infrared spectra ( Figure 5 overleaf) obtained from pure and chemically activated nylon-6,6 samples, it can be seen that all the characteristic peaks for the treated nylon-6,6 samples corresponded exactly with those for the original samples, thereby indicating that no new species were formed during NaOH treatment. However, the lower percentage transmittance of the bands observed for the treated sample could be associated with the breakdown of some amide linkages. From this result, it follows that no interference due to any other type of molecule is involved in the spectrum depicted. As previously described, inhibitor adsorption was conducted employing three different types of inhibitor solution (AC, AA and AAC) in order to provide a better choice for the procedure. Figure 6 shows the weight percentage of Fe(NO 3 ) 3 adsorbed by the polyamide for each of the solutions studied. This shows that the inhibitor adsorption from AC was more effective relative to the two other solutions examined. This may be because the acetone content of the solution evaporated during the drying process, thereby allowing better adsorption. In contrast, AA showed poor adsorption characteristics as a result of its water content which completely dehydrated the container during the drying process, thereby drying the inhibitor and causing it not to adsorb onto the surface. Finally, with AAC, a certain percentage of inhibitor was adsorbed because its acetone content volatilized, but a large percentage was lost during the drying process because of container dehydration. Furthermore, after 7-8 d, this solution exhibited Fe(NO 3 ) 3 precipitation.
Adsorbed inhibitor on the activated surface of the nylon-6,6 samples is depicted in Figures 7(a) and (b) overleaf. From Figure 7 (a), it is possible to observe the porosity developed by the chemical attack and the inhibitor adsorbed into the resulting pores. Figure 7 (b) presents a magnification of the surface with some solid inhibitor particles filling the pores, together with data from line scan analyses showing the presence of various components of the inhibitor adsorbed into the sample.
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E.C. Menchaca et al./Adsorption Science & Technology Vol. 29 No. Figure 8 shows the polarization curves obtained both in the presence and absence of chlorides. Curve 1, obtained in the absence of chlorides, shows the steel passivation conditions. Curve 2, obtained in the presence of chlorides, shows their action on the steel sample and indicates that a pitting potential of -106 mV was achieved, with a passive region and a logarithmic increase in the current density indicating the localized corrosion conditions.
To examine whether inhibitor release functioned adequately, a potentiostatic test was performed above the potential necessary to promote pitting (-100 mV), employing equivalent inhibitor concentrations of 50 ppm and using nylon-6,6 pellet containers containing the adsorbed "smart" inhibitor instead of the diluted inhibitor. As shown by the data depicted in Figure 9 , the current exhibited a transient decrease returning to the 1E-5 mA/cm 2 current density level at the start of the experiment, indicating passive conditions at the pitting potential which were sustained up to 500 s. At ca. 2100 s, addition of sodium chloride (3 wt%) led to an increase in the current density, thereby confirming that the pitting corrosion process had commenced. The addition of nylon-6,6 pellets at 4000 s stopped the current density increase, which levelled off to a steady-state condition. The nitrate ions added via the inhibitor seemed to be competing with the chloride ions in promoting oxide formation, thereby avoiding any subsequent propagation of localized corrosion. This suggests that the inhibitor was released on adding the "smart" container to the solution, since the increase in the corrosion rate ceased due to oxide formation over the local corroding pits. In other words, the container was opened by the external conditions and the ions liberated readily inhibited the corrosion reactions via oxide film formation.
CONCLUSIONS
Chemical surface activation of nylon-6,6 pellets by immersion in a 2 N NaOH solution at 80 ЊC for 2 h provided the best activation conditions for porosity, with the activated pellets exhibiting adequate adsorption of ferric nitrate from the acetone solution. The roughness created on the nylon-6,6 pellets by such chemical activation was sufficient to adsorb and liberate the corrosion inhibitor as required by the external conditions, thereby acting as a "smart" system under electrochemical corrosion conditions. 
